
























A Receiver System for the TileCal Muon Signals
T. Ciodaro, on behalf of the ATLAS Tile calorimeter system.
Abstract—The muon signals of TileCal, the central hadronic
calorimeter of ATLAS, have successfully been used to trigger on
cosmic rays. These muon signals provided by the trigger tower
adder system are currently not used by ATLAS level-one muon
trigger, as they have been foreseen for a near-future upgrade.
Studies showed that the signal-to-noise ratio increases if muon
signals from the same cell of the last TileCal segmentation layer
are summed up together. This work presents a receiver system
design for the TileCal muon signals, which is based on the analog
sum of both readout signals of the last TileCal detection layer.
The receiver system interfaces to ATLAS level-one trigger system
aiming at improving overall muon detection.
I. INTRODUCTION
THE CERN Large Hadron Collider (LHC) is the biggestparticle accelerator ever built. LHC is expected to bring
a new horizon to particle physics [1]. At LHC, bunches of
protons will be accelerated in a 27 km long circular tunnel
located 100 m underground. The collisions will happen at a
very high rate, at a 40 MHz frequency and at a center of mass
energy up to 14 TeV, in order to increase the probability of
interesting events to happen.
Along the LHC ring, there are 4 main particle detectors:
ALICE, ATLAS, CMS and LHCb. Weighting 7000 t, with a
length of 44 m and 22 m of diameter, ATLAS (A Toroidal LHC
ApparatuS) is the largest detector at LHC [2]. It is a general-
purpose detector, designed to cover as much as possible the
main LHC channels: supersymmetry, CP violation, dark mat-
ter, Higgs Boson, Standard model and beyond [2]. The ATLAS
subdetectors are designed to provide detailed information of
collision subproducts.
Figure 1 shows the detector structure. There are three
main subdetectors: the inner detector, responsible for tracking
charged particles, the calorimeters (comprising the electro-
magnetic, the hadronic and the forward calorimeter sections),
which are responsible for the energy measurements, and the
muon chambers, responsible for the detection of muons. All
subdetectors together will produce around 1.5 MB of data [3],
furnishing a total information flow of 60 TB per second.
However, most of such data corresponds to uninteresting
events. In order to decrease the amount of information to be
recorded and analyzed offline, a sophisticated online filtering
system has been designed [3].
A. Trigger
The ATLAS trigger is an online filtering system imple-
mented into 3 levels, which are connected in cascade. Each
level has its own event rate and latency time. The full system
can be seen on Figure 2.
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Figure 1. The ATLAS detector.
The first level is responsible for the highest rate reduction,
in the shortest latency time. In order to decrease the trigger
rate from 40 MHz to 100 kHz, within a 2 µs maximum latency
time, the first level (L1) is implemented in hardware and makes
use of compacted detector information, from both calorimeter
and muon subsystems [3]. This level also selects the regions
in the detector for which the energy deposited by collision
subproducts is significant (Regions of Interest - RoI).
Combining the second and third levels, the event rate can be
decreased to nearly 100 Hz in, approximately, 2 s latency time.
These levels are implemented in software, and have access to
all data channels at full resolution within the RoI marked by
the L1.
The present work is inserted at the ATLAS level-one trigger,
Figure 2. The ATLAS online trigger system.
using calorimetry information [4] to assist the muon chambers
in muon tagging.
B. Tile calorimeter
The TileCal is the main hadronic calorimeter of ATLAS [5].
It combines, side by side, iron plates as structure and absorber
material, and plastic scintillating tiles as active material. The
light produced in the tiles is collected by WaveLength Shifter
fibers that transport it to the Photo Multiplier Tubes (PMTs),
where it is converted in an electrical signal. The signal
amplitude is directly proportional do the deposited energy.
After pulse shaping, such electric signal is readout by the
TileCal front-end electronics [6].
TileCal is segmented in depth into three detection layers (see
Figure 3). TileCal is also subdivided into 64 modules in the φ
direction (the rotation angle perpendicular to the beam line).
Further, TileCal is divided into 4 partitions along the beam
line (z coordinate), labeled EBA, LBA, LBC and EBC. More
about the TileCal and ATLAS coordinates can be found in [7].
In order to increase the data acquisition redundancy, each
cell has two independent readouts (labeled left and right
readouts).
Figure 3. TileCal module cell structure. The shadowed region corresponds
to a trigger tower.
In order to interface with the ATLAS level-one trigger,
TileCal provides two types of signals: the trigger tower and the
muon signals. As the level-one trigger uses detector compact
information, a trigger tower region (the shadowed region on
Figure 3) is defined in steps of 0.1 in pseudo-rapidity (η).
The cell readouts within this region are summed up by fast
analogue adder cards [8], in order to form the trigger tower
signal. A muon signal is formed from each of the two readouts
of the last calorimeter layer (D cells).
Currently, the TileCal muon signals are not being used by
the ATLAS level-one trigger, but they are available at the
interface between TileCal and L1 trigger. The usage of the
muon signal has been foreseen since the conception of TileCal,
for assisting the ATLAS level-one muon trigger (L1Muon),
but this was left for a near-future upgrade. The present work
describes the design of a receiver for the TileCal muon signals,
which performs both signal processing and pattern recognition
tasks to discriminate between muon signals and noise.
II. THE MUON SIGNAL
Figure 4 displays the typical pulse seen at the adder muon
output. The pulse width is fixed at 50 ns by the shaper circuit,
while the amplitude is proportional to the energy deposited by
the particle.
Figure 4. Typical muon signal, seen at a scope.
During a testbeam period the muon signal was analyzed
through 180 GeV muons hitting TileCal modules at specific
η directions [9]. From these experimental tests, the muon
signal proved to have a good discrimination ability, with
respect to noise. The discrimination efficiency is increased
when muon signals from the same D cell are summed up.
Considering that noise is not correlated to signals and between
readout channels, and is additive, summing both D cell signals
increases the signal-to-noise ratio (SNR) by a factor of √2.
This is illustrated in Figure 5, which shows the distributions
for both muon and noise signal peaks, before and after signal
summation. It can be seen that the confusion area between
signal and noise is smaller when the summing signal is
considered.
A. Laser tests
During the detector commissioning phase, a standalone
trigger system was designed to trigger on cosmic rays, which
are detected from muon tracks in the calorimeter. The two
muon signals from the same D cell were analogically summed
and routed to a threshold discriminator [10].
For setting the trigger threshold, a laser calibration system
was used. The TileCal PMTs can be calibrated through a laser
pulse injection: a light pulse, with adjustable rate and intensity,
is flashed at each PMT.
Laser pulses were flashed at a constant rate of 200 Hz,
with a light intensity proportional to an energy deposition
of ∼1.2 GeV, which corresponds to ∼400 mV amplitude for
a muon signal. The discriminator threshold was raised and
compared to the trigger rate given by the system. When the
trigger rate equals the laser pulse rate, the noise effect over
the trigger system can be considered negligible.
Figure 6 shows how the trigger rate varies with respect to
the threshold value expressed in terms of DAC (Digital to
Analogue Converter) counts. As it can be seen, the threshold
value required to consider the noise influence negligible is
lower when the summing signal is used. While the single
muon signal needs, in average, 2,000 DAC counts to give a
trigger rate equal to the laser pulse rate, the summing signal
achieves such rate equalization with only 1,500 DAC counts.
Therefore, muons with lower energy can be detected when
signal summation is applied.
(a)
(b)
Figure 5. Muon signal and noise distributions for a single readout (a) and
for summing both D cell readouts (b), considering testbeam data.
III. THE TILEMUON RECEIVER
The experience obtained from the muon detection during
detector commissioning led to the conception of a muon
signal receiver, aiming at improving the L1 performance. The
receiver system must, then, be conceived taking into account
its integration in the ATLAS online triggering system.
The muon receiver will provide a trigger information using
calorimetry information to complement the ATLAS level-one
muon trigger. In order to prevent TileCal trigger to make a veto
to the L1Muon trigger (and vice-versa), both systems must be
aligned: the trigger regions from both systems must match, as
well as the bunch-cross information (to certify that the muon
detected by both systems came from the same LHC collision).
A. System Design
The entire system is split into 2 subsystems, according to
the η sign. Because of both mechanical and physical reasons,
the two systems work independently. Further, each subsystem
is made of two types of modules: the receiver module and the
logic module.
Figure 7 shows the design of the receiver module. The
main core of the system is a Field Programmable Gate
Array (FPGA) device [11]. It interfaces the receiver system
with the Trigger and Data Acquisition (TDAq) system through
the VME bus. Mainly, calibration constants, discrimination
thresholds and channel masking can be configured online
(a)
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Figure 6. Laser tests for the single readout (a) and for the summed signal
from both readouts (b).
through the VME bus. The receiver module has the following
features:
• Analogue summing: muon signals from the same D cell
of the calorimeter are summed up at the receiver level.
• Channel masking: noisy channels may be masked to
avoid an increase of false alarm probability (noise signals
misclassified as muons).
• Online discrimination threshold: in order to have a trigger
control knob for detection adjustment.
Figure 7. The Receiver Module of the TileMuon Receiver.
The TileCal muon signals feed the receiver module through
a passive board located at the back of the VME crate. This
board routes the signals, from a DB32 cabling to a suitable
configuration in the VME P3 connector. Then, they reach the
input nodes of the Analogue Summing circuits, which are
detailed next.
The entire system is synchronized with the experiment
through the TTC device (Trigger and Time Control) [12]. This
ATLAS default device receives, among other experimented pa-
rameters, the LHC clock signal and bunch-cross identification.
Figure 8 shows the logic module. This module receives the
trigger signals from all the other receiver modules, within the
same detector side, and performs the final adjustments needed
before sending the trigger information to the L1Muon system.
Figure 8. The Logic Module of the TileMuon Receiver.
The logic module main core, as the receiver module, is
a FPGA device. It controls the communication with the
VME bus, receives the trigger information from all the receiver
modules and makes the necessary logic combination to align
both TileCal trigger and L1Muon geometries.
The final interface uses a 32-bit LVDS bus [13], which
transmits digital information concerning the trigger to the
L1Muon system.
B. Summing Circuit
Among other processing tasks, the receiver module is re-
sponsible for the analog sum of both muon signals coming
from the same D cell. The summing circuit must support the
4 V input voltage swing and provide a way to disable those
noisy input channels by software.
Figure 9 shows the conceptual design of the summing
circuit. Firstly, the input muon differential signals are made
single ended. For this, a 1:1 transformer is used, which has
the secondary winding inversely connected to the primary.
In the input stage, an operational amplifier is used as a
buffer (A1). This amplifier has a disable mode and an output
voltage swing that supports the input voltage swing. The
amplifier output is connected to a RC low-pass filter, with a
20 MHz cut-off frequency, and a 0.5 voltage gain, in order
to eliminate high-frequency noise. The muon signal has a
8 MHz bandwidth and is not significantly affected by this
filter. The selected gain (0.5) avoids the summing signal to
saturate the next operational amplifier, keeping an overall 4 V
output swing.
Figure 9. The Summing Circuit block of the TileMuon Receiver.
Signal summation is performed in current, which is trans-
formed into voltage by a unity-gain operational amplifier (A2).
The output stage has also a RC low-pass filter with the same
cut-off frequency of 20 MHz.
The resulting summing signal is routed to a voltage com-
parator, which pulses a trigger whenever the summing signal
is above the configurable threshold set by the FPGA.
IV. SIMULATION RESULTS
The summing circuit was simulated in Pspice [14], using the
testbeam digitized muon signals, acquired at 25 ns sampling
intervals. The muon signals are from the D2 cell (η = 0.15
and η = 0.25), totalizing near 15,000 signals.
The energy absorbed by the TileCal D cell should follow a
Gaussian convoluted with a Landau distribution [15]. The most
probable value (MOP) parameter of the distribution represents
the average energy deposited by a muon. For the left readout,
it is near 237 MeV, while 230 MeV for the right readout.
Figure 10 shows the frequency-response of the circuit. As
it can be seen, the combination of the two 20 MHz low-pass
filters produced a 3 dB cut at 12 MHz, still good enough to
accommodate the muon signal bandwidth of 8 MHz. The low-
frequency cut at near 330 Hz arises from the inductors in the
transformers of the input stage.
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Figure 10. Frequency-response for the summing circuit.
Figure 11 shows the noise spectrum at different circuit nodes
(see Figure 9). From integrating the curve, within the system
bandwidth, RMS noise value can be estimated, which, at the








Circuit RMS noise contribution
Nodes
Total TDL = 52.55 nV
Total DLMuon = 7.09 uV
Total DSum = 17.49 uV
Figure 11. Noise output spectrum for the summing circuit.
In order to check the linearity of the circuit, sinusoidal sig-
nals at different amplitudes were applied to the circuit inputs,
with a frequency of 1 kHz (within the circuit bandwidth). The
amplitude ranged from 0 to 4 V. Figure 12 shows the linearity
of the proposed circuit. As the circuit is symmetric with
respect to both muon signals, only the muon signal from the
left readout is shown. It can be seen that the DLMuon probe,
just after the first low-pass filter, is half of the input signal.
The signal in the DSum node, in the other hand, has the same
amplitude as the input signal, because it has the contribution
of the other muon signal (DR). The results showed that the
output nonlinearity is smaller than 1 %.
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TDL > 0.00 %
DLMuon > 0.83 %
DSum > 0.84 %
Figure 12. Circuit linearity.
Figure 13 shows the SNR over the circuit probes. The
signal-to-noise ratio is defined as the ratio between the most
probable value for the muon energy distribution and the noise
RMS value, both in MeV. As the system has two input signals,
SNR is referenced to the average value over DR and DL nodes.
It can be seen that the output SNR (DSum) is near √2 times
greater than the input SNR, as expected.
An increase of the SNR reflects into an improvement on
the muon discrimination capability. The ROC curve (Receiver
Operating Characteristics) [16] was used to evaluate the
discrimination efficiency. The discrimination threshold was
decreased from 4 V to 0 V, in steps of 0.04 V. In each step,
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1.5 DL: 1.0000 +− 0.0280
TDL: 1.0162 +− 0.0298
DLMuon: 1.0413 +− 0.0295
DR: 1.0000 +− 0.0310
TDR: 0.9623 +− 0.0270
DRMuon: 1.0006 +− 0.0299
DSum: 1.4717 +− 0.0675
SNR related to the SNR average between DL and DR − MOP/RMS
Figure 13. Circuit signal-to-noise ratio.
the probability of detecting muons, and the corresponding false
alarm (noise misidentified as muon) were computed. Figure 14
shows the ROC curves for DL, DR and the DSum signals.
Fixing the false alarm in 10 %, for instance, a muon detection
efficiency of ∼88 % is achieved for the summing signal. The
difference between the DR and DL efficiency is explained by
the larger noise observed at the right readouts (see Figure 13).
































Figure 14. Circuit signal to noise ratio.
V. CONCLUSION
The design of a proposed receiver system for the TileCal
muon signals was presented. The system performs the ana-
logue addition of the two muon signals coming from a same
D cell of the detector and feeds a threshold discriminator to
separate muons from the noise level. The trigger information
from TileCal muon signals will be used to make a coincidence
with the ATLAS level-one muon trigger, aiming at decreasing
fake triggers.
The proposed system is implemented through two modules.
While the receiver module is responsible for summing the
muon signals, masking the noisy channels and performing
signal discrimination, the logic module is responsible for
interfacing this TileCal muon trigger with L1Muon trigger.
Circuit simulation shown that the noise RMS contribution of
the proposed summing circuit is around 17 µV, well below the
input noise ground level (tens of mV). Summing D cell muon
signals improves SNR by a factor of
√
2, which translates into
higher muon discrimination efficiency.
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